Purpose-Hepatocellular carcinoma (HCC) often arises in the setting of chronic liver inflammation and may be responsive to novel immunotherapies.
Introduction
Hepatocellular carcinoma (HCC) is an aggressive malignancy that typically develops in the setting of chronic liver disease or cirrhosis. HCC is the second leading cause of cancerrelated death in the world (1) . The leading risk factor for HCC is cirrhosis arising from viral hepatitis, alcoholic liver disease, and nonalcoholic fatty liver disease (for review, ref. 2) . Early-stage HCC can often be treated with potentially curative partial resection or liver transplantation or with locoregional procedures. However, for patients with advanced disease, current systemic treatment options provide only limited therapeutic benefit for a subset of patients, and novel therapeutic options are needed.
Immune checkpoint inhibitors targeting programmed death 1 (PD-1) or its ligand, PD-L1, have demonstrated remarkable clinical activity across a number of different tumor types. In HCC, preliminary signs of activity were observed in the initial clinical trials of these agents, and multiple larger studies are ongoing (3) (4) (5) . Initial signs of clinical activity have also been observed with therapies targeting another checkpoint pathway, CTL-associated protein 4 (CTLA4), in HCC (6) . Responses with these immunotherapy agents have been observed in viral infected and uninfected patients (3) . Although larger confirmatory studies are required, these preliminary clinical findings suggest that the immune checkpoint inhibitors may be important in the future management of HCC.
Recent studies have begun to define the immune microenvironment in HCC. PD-L1 expression is increased in some HCC tumors, and PD-L1 expression in this tumor type has been correlated with aggressive disease and poorer survival in recent series (7) (8) (9) (10) . In addition, increased plasma concentration of the soluble form of CD163 (sCD163), a marker of alternatively activated macrophages (M2), has been observed in HCC and may be associated with poor survival (11, 12) indicating that M2 macrophages may be a potential target for HCC immunotherapy. However, the clinical significance of this association has been disputed in another series because sCD163 may be reflective of active hepatitis rather than meaningful tumor characteristics (13) .
Less is known about other checkpoint signals within HCC tumors. However, a number of other inhibitory signals are often coexpressed with PD-1 on effector T cells that downregulate their activity in tumors. For example, the lymphocyte activation gene-3 (LAG-3) is commonly expressed on the surface of T cells and is thought to regulate and inhibit T-cell activation. As with other immune checkpoints, LAG-3 has been implicated in tumor escape and has recently emerged as a potential target for immune modulation in cancer therapy (14) . However, to our knowledge, the expression of LAG-3 has not previously been assessed in HCC. Here, we characterize the expression of CD8, CD163, PD-1, PD-L1, and LAG-3 in HCC. Our findings provide new insights into the immunomodulatory signals within the HCC tumor microenvironment that regulate effector T-cell responses.
Materials and Methods

HCC specimens and IHC staining
This research was performed in accordance with the Declaration of Helsinki, and the study protocol was approved by the Institutional Review Board (IRB) at Johns Hopkins. A total of 29 cases of untreated, primary HCC resected at Johns Hopkins Hospital from 2011 to 2014 were identified. Clinical information pertaining to these cases was extracted from the Johns Hopkins Hospital electronic medical record. The diagnosis was confirmed by two pathologists (R.A. Anders and D. Xing) and through review of hematoxylin and eosin (H&E) slides of each case.
Staining for PD-L1 (15) and PD-1 (16) was performed as previously described. Immunohistochemistry (IHC) staining for LAG3, CD8, and CD163 were performed according to standardized institutional protocols. Briefly, one representative formalin-fixed paraffin-embedded (FFPE) block from each tumor specimen was selected with tumor and background liver tissue on the same block. Consecutive 5-µm-thick sections were cut from each block and mounted on glass slides. After deparaffinization and rehydration, antigen retrieval, antibody staining, and detection were performed as shown in Table 1 . All slides were counterstained with hematoxylin, dehydrated, and cover slipped.
Quantitation of CD8, PD-1, and CD163
Slides were scanned at 20× objective equivalent (0.49 µm/pixel) using an Aperio Scanscope. A trained gastrointestinal pathologist determined the tumor/background liver interface. The prevalence of positive stained cells for each marker was recorded in tumor, interface tumor side, interface background liver side, and background liver compartments. Image analysis (HALO Indica Labs) was used to determine the density (# of cells/surface area analyzed) of CD8 and PD-1-expressing lymphocytes and CD163-expressing cells within each of the four tissue compartments as described previously (17, 18) .
Quantification of PD-L1 and LAG-3
Scoring of PD-L1 expression on tumor and LAG-3 expression on infiltrating lymphocytes was performed manually by two separate pathologists (R.A. Anders and D. Xing), working independently, who were blinded to the demographic features of the case while performing the scoring. The scoring of the two pathologists was subsequently averaged into a combined final score. For PD-L1 expression, the number of cell clusters (defined as more than five adjacent cells staining with PD-L1 in a cell surface/membranous pattern) was counted in tumor and background liver. Clusters of hepatocytes or infiltrating immune cells expressing PD-L1 were both included in this count. The density of PD-L1 expression was subsequently determined by dividing the number of cell clusters by the surface area analyzed to obtain a final cluster density score. The percentage of LAG-3-positive lymphocytes was determined by dividing the number of LAG-3-positive lymphocytes by the total number of lymphocytes counted across five low-power fields in tumor and liver background sections.
Statistical analysis
The mean expression of CD8, CD163, PD-1, PD-L1, and LAG-3 in the various tissue compartments (background liver, interface background liver, interface tumor side, and tumor) was compared using Wilcoxon signed-rank tests. The relationship between patient or tumor characteristics and the expression of these IHC markers in tumor was explored using Wilcoxon rank-sum tests and correlations with appropriate transformations. Statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, Inc.) and confirmed in JMP 11 (SAS Institute Inc.). All statistical tests were two-sided, and P values of less than 0.05 were considered to be statistically significant for all analyses.
Results
It is now clear that tumors attract many different immune subsets into their microenvironment that can have both immunosuppressive and effector functions. Whether this immune infiltration results in immune suppression or tumor rejection is determined both by the summation of the functional capabilities of each subset and the location of these subsets relative to tumor cells. Some untreated tumors will have dense immune infiltration in the normal or reactive tissue surrounding the tumor but few immune cells infiltrating the tumor. These infiltrate characteristics can determine which immune modulating agents may be effective in altering this inflammatory response to one that can infiltrate and eradicate tumor. We recently developed an IHC approach that analyzes immune targets on serially cut slides and uses both an image analysis approach and a manual approach to quantitate the density of each target on different immune cell subtypes in different areas of the tumor microenvironment. This approach was applied for the first time to 29 cases of untreated HCC.
The characteristics of the study group are displayed in Table 2 . The median age of subjects at the time of the resection was 62 and the majority of subjects (83%) had background cirrhosis. Among the patients included in this cohort, 14 patients had undergone a liver transplantation, and 15 patients had undergone a curative-intent surgical resection of HCC. At the time of analysis, five patients had relapsed disease, four subjects had died, and two subjects were lost to follow-up. Figure 1 demonstrates examples of IHC staining for PD-L1 and CD163. The mean density of CD8-positive infiltrating T lymphocytes in background liver, tumor interface, and tumor is shown in Fig. 2 . The mean density of CD8-positive T lymphocytes was significantly lower in tumor than in the background liver (14.3 cells/mm 2 vs. 43.0 cells/mm 2 , P < 0.001). At the tumor interface, the mean density of CD8-positive lymphocytes was higher on the nontumor (or "liver") side than the tumor side of the interface (46.5 cells/mm 2 vs. 29.3 cells/mm 2 , P < 0.01), and the density of lymphocytes was similar on the nontumor side of the interface compared with the background liver.
A similar density of CD163-positive macrophages cells was observed in the background liver and tumor sections. However, a lower density of CD163-positive cells was observed at the tumor interface. The mean density of CD163-positive cells was 73.5 cells/mm 2 on the interface liver (or nontumor) side and 71.2 cells/mm 2 on the interface tumor side, which was 
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Author Manuscript significantly lower than the background liver (93.4 cells/mm 2 ; P < 0.01 and P < 0.05, respectively). The density of PD-1-positive cell staining was similar in the background liver and tumor interface subsections. However, the mean density of PD-1-positive cells was significantly lower in the tumor than in the background liver (4.4 cells/mm 2 vs. 9.8 cells/ mm 2 , P < 0.01).
The mean expression of PD-L1-positive clusters was higher in tumor than liver background (9.8 vs. 4.4 clusters per mm 2 , P < 0.001). Of the 29 samples analyzed, 24 tumors (83%) had positive PD-L1 expression using a cut-off value of greater than one positive cluster per mm 2 . By this same criterion, two of 29 (7%) of liver background samples had positive PD-L1 expression. One was a patient with a history of HBV cirrhosis, and one was a patient with a history of NASH without discernable cirrhosis.
Elevated LAG-3 expression was observed on tumor-infiltrating lymphocytes from multiple patients. Across all samples analyzed, the mean percentage of tumor-infiltrating lymphocytes staining positive for LAG-3 was 13%, which was significantly higher than the 3% of lymphocytes that stained for this marker in the liver background (P < 0.001). Many patients with positive LAG-3 staining in tumor-infiltrating lymphocytes also had positive PD-L1 staining in tumor, but there were also several cases with elevated LAG-3 staining in tumor-infiltrating lymphocytes that did not have detectable PD-L1 staining. Across the entire study cohort using a cut-off value of 1%, 17 patients (58%) had both positive LAG-3 and PD-L1 staining in tumor, whereas six patients (21%) had positive PD-L1 staining only, and two patients (7%) had positive LAG-3 staining only. Four patients (14%) had negative PD-L1 and LAG-3 staining. There was no relationship between LAG-3 staining in tumor-infiltrating lymphocytes and the density of PD-1 or CD8 expression in tumor.
As indicated in Table 2 , 15 of 29 (52%) of patients from these derived pathology cases were virally infected with HCV or HBV, whereas the remaining cases were uninfected. We investigated the relationship between the presence of viral hepatitis and the density of staining of the various IHC markers in tumor tissue. The mean density of CD8-, CD163-, and PD-1-positive cells was similar in viral infected and infected patients (P > 0.05 for all comparisons). Similarly, a significant difference in the expression of LAG-3 or PD-L1 in virally infected and uninfected patients was not identified (see Fig. 3 ). In addition, there was no association among presence of underlying cirrhosis, pathologic stage, high tumor grade, vascular invasion, or alpha-fetoprotein (AFP) level before surgery and the density of CD8, CD163, PD-1, PD-L1, and LAG-3 expression in tumor (P > 0.05 for all comparison). The relationship between tumor pathologic stage and expression of LAG-3 and PD-L1 is displayed in Fig. 4 . 
Discussion
In this study, we describe the density of CD8, CD163, PD-1, PD-L1, and LAG-3 expression in HCC. Consistent with prior reports, we demonstrate that PD-L1 expression is increased on HCC cells relative to liver background. We also demonstrate that there is a relative decrease in the density of CD8-positive lymphocytes and PD-1-positive cells infiltrating HCC cells, and a relative decrease in the density of CD163-positive cells within the tumor interface, relative to the liver background. Furthermore, we demonstrated for the first time that LAG-3 expression is increased in tumor-infiltrating lymphocytes relative to liver background in patients with HCC. This is also the first study to compare the tumor microenvironment of HCCs derived from a virally infected group versus the uninfected group.
This work has several potential implications. First, the confirmation of elevated PD-L1 expression in HCC tumors supports the continued development of immune checkpoint inhibitors targeting the PD-1/PD-L1 pathway in HCC. Second, the reported expression levels of CD8 and PD-L1 in HCC may serve as a benchmark to evaluate novel therapies that seek to prime tumors for immune checkpoint inhibitory therapy by inducing tumor infiltrating lymphocytes and augmenting PD-L1 expression in HCC. Third, our results newly identify LAG-3 as a potential target for cancer immunotherapy in HCC.
LAG-3 is an immune checkpoint molecule that negatively regulates T-cell function (14) . The expression of LAG-3 in some HCCs indicate a likely role for LAG-3 in the suppression of antitumor immunity in HCC and provide a basis for investigating combinatorial checkpoint blockade with a LAG-3 and PD-L1 inhibitor in HCC. LAG-3 inhibition has been proposed to work synergistically with PD-1 inhibition to increase antitumor immunity, and several mAbs that inhibit LAG-3 are now in early human clinical trials (19, 20) . The majority of HCC cases with positive PD-L1 staining examined in this study also had increased LAG-3 expression in tumor-infiltrating lymphocytes, suggesting that the LAG-3 immune checkpoint may limit the efficacy of single-agent PD-1 checkpoint blockade in HCC. Furthermore, we identified multiple cases in which there was a discordance between PD-L1 and LAG-3 staining, in which only one of the two immune checkpoints was upregulated. Although it is unknown whether PD-L1 or LAG-3 expression is a predictive biomarker of response to checkpoint inhibitors targeting these pathways in HCC, it is possible that some patients with HCC may benefit from LAG-3 inhibition rather than PD-1 pathway inhibition.
We did not identify any relationship between patient features, tumor histology or stage, or viral status, and expression of any IHC marker in the tumor microenvironment. This could explain the similar response rates observed in clinical trials of immune checkpoint inhibitors between virally infected and uninfected individuals (3) (4) (5) . However, larger sample sizes are needed to determine more conclusively that expression of these tumor markers is independent of viral status and other clinicopathologic features. Notable strengths of this study include the use of clinicopathologically diverse cases and the use of semiquantitative image analyses or manual scoring of IHC by two pathologists. Relative weaknesses include the modest size of the study cohort. Although the clinical features of the cases were withheld from the pathologists while they performing the manual IHC scoring, the pathologists may have been able to ascertain clinical phenotypes from the pathologic features of the cases. In addition, because this study was exploratory in nature, we did not correct our statistical analysis for the use of multiple comparisons. In conclusion, we have characterized the immune microenvironment in HCC and identified LAG-3 as a potential target for HCC immunotherapy.
Translational Relevance
Tumors frequently co-opt the expression of multiple inhibitory immune signals (immune checkpoints) to reduce antitumor immunity. Immune checkpoint inhibitors are designed to block these inhibitory leading to increased activity of T cells specific for tumor antigens. Immune checkpoint inhibitors targeting programmed death 1 (PD-1) have clinical activity in many tumor types, including hepatocellular carcinoma (HCC). We have characterized the immune microenvironment in HCC and find that lymphocyte activation gene-3 (LAG-3) is increased in HCC tumors relative to liver background. Multiple LAG-3 inhibitors are in early stages of clinical development, and our results provide a basis for investigating combinatorial checkpoint blockade with an LAG-3 and PD-1 inhibitor in HCC. revealing a cluster of lymphocytes (magnification, ×20). H, LAG3 staining of the same microscopic field as in G. I, PD-1 staining of the same microscopic field as in G. J, PD-L1 staining in tumor showing positive cell clusters (magnification, ×20). K, CD163 stain of the same microscopic field as in J, showing clusters of staining that colocalize with areas of high PD-L1 staining. 
